We discuss the influence of anomalous ttG couplings on total and differential tt production cross sections in hadron-hadron collisions. We study in detail the effects of a chromoelectric and a chromomagnetic dipole moment, d t -µ ′ t plane, we find a whole region where the anomalous couplings give a zero net contribution to the total top production rate. In differential cross sections, the anomalous moments have to be quite sizable to give measurable effects. We estimate the values of d ′ t and µ ′ t which are allowed by the present Tevatron experimental results on top production. A chromoelectric dipole moment of the top violates CP invariance. We discuss a simple CP-odd observable which allows for a direct search for CP violation in top production.
Introduction
The observation of the top quark has recently been reported by both experimental groups, CDF and D0, working at the Tevatron pp collider. The latest CDF value for the top quark mass is m t = 176 ± 8 ± 10 GeV [1] , while D0 gives the value of m t = 199 +19 −21 ± 22 GeV [2] . At the Tevatron, top quarks are pair produced in pp collisions at a c.m. energy of √ s = 1.8 TeV. Based on an integrated luminosity of 67 pb −1 , the CDF result for the total cross section for this reaction is found to be [1] σ exp (pp → ttX) = 6.8
pb .
The D0 collaboration obtains from a data sample corresponding to 50 pb −1 the cross section [2] σ exp (pp → ttX) = 6.4 ± 2.2 pb .
Both central values are higher than the best theoretical prediction [3] σ th (pp → ttX) = 4.79
pb for m t = 176 GeV ,
obtained from a O(α 3 s ) Standard Model (SM) calculation including a resummation of the leading soft gluon corrections to all orders of perturbation theory. The electroweak corrections are known to be small, of the order of a few percent [4] . 
Thus the presently available experimental and theoretical information allows a rather large anomalous contribution. Future experimental runs will increase the number of produced tt pairs, allowing the comparison of differential cross sections with theory [5] [6] [7] . One will be able to investigate also many other observables, e.g. CP-odd ones. From these measurements one expects to obtain detailed information on the couplings of the top quark. This might provide a further confirmation of the Standard Model or open a window to new physics.
Of special interest is the study of CP-odd observables in top production and other channels of pp collisions [8] [9] [10] [11] [12] [13] [14] . For theoretical investigations of CP violation in top production and decay in other contexts we refer to [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and references therein.
In this paper we want to investigate possible effects of anomalous top-gluon couplings on total and differential cross sections of the reaction pp → ttX. To be specific, we assume the existence of chromoelectric and chromomagnetic top dipole moments, d ′ t and µ ′ t . Although there are stringent experimental bounds on anomalous contributions to dipole moments of light fermions, it is not unreasonable to expect large anomalous moments for the heavy top quark. One way to generate these couplings is the exchange of Higgs scalars in one-loop diagrams in multiHiggs extensions of the SM. Since the top-Higgs coupling is proportional to m t , the effective dipole coupling can be quite sizable.
In principle, the anomalous couplings d 
have been investigated previously. In [11] , the contribution of both electric and magnetic moments to the matrix element of the parton reactions underlying (5), including final quark polarisation, was calculated, but only to first order in the anomalous couplings. The quark spin vectors were then used for the construction of a CP-odd observable. In Ref. [12] the contribution of d ′ t to various CP-odd observables was studied. In Ref. [14] , total and differential cross sections were computed up to fourth order in µ
In the following we want to extend the above analyses and investigate the combined effects of d ′ t and µ ′ t simultaneously. The outline of our calculation is as follows: We will set the light quark masses to zero and compute the parton processes→ tt and GG → tt to leading order (LO) in QCD, i.e. at tree level, but including the effects of d 
. We identify the anomalous cross section (calculated to LO) as ∆σ :
We then add ∆σ to the best next to leading order (NLO) SM calculation available [6] . We note here that higher order QCD effects produce, of course, a chromomagnetic moment form factor. These effects are included in the NLO SM calculation and do not concern us here. Our anomalous moment µ ′ t is understood as the additional piece in the chromomagnetic moment form factor which may be there due to new couplings. Similarly, higher order electroweak corrections in the SM will produce a chromoelectric dipole form factor, which, however, is estimated to be unmeasurably small. Thus, a sizable chromoelectric dipole form factor must come from physics beyond the SM.
In [6] it was shown that single top differential cross sections from the full NLO calculation in the SM can well be approximated by a multiplication of the LO Standard Model result with a constant factor between 1.4 and 1.6. Such a constant factor drops out in normalized differential distributions. Thus the effects of new couplings in differential distributions calculated in LO as described below can hardly be masked by NLO SM effects. Finally we discuss the sensitivity of a simple CP-odd observable from [12] to the chromoelectric dipole moment d ′ t .
The model
We work with the following effective top-gluon interaction Lagrangian:
Here g s is the strong coupling constant, µ 
Since the anomalous operators have mass dimension 5, we introduce the dimensionless dipole momentŝ d
with the top mass m t . Both anomalous dipole moment couplings are chirality changing; the magnetic moment term is even under the combined action of charge and parity transformations CP, while the electric moment is CP-odd. The signs and factors of 1 2 are chosen such as to yield the correct nonrelativistic limits. In Fig. 1 we show the Feynman vertex factors following from Eq. (7); note in particular that due to gauge invariance there is also a ttGG coupling. For the coupling of light quarks q to gluons as well as for the gluon self coupling we take the SM values.
With this input we calculate the differential cross sectionsσandσ GG for the parton level processes
to lowest order in QCD, as a function of the usual Mandelstam variableŝ
For the quark annihilation, there is only theŝ-channel diagram shown in Fig. 2a (the correspondingt-andû-channel diagrams are absent, since we set the top distribution in the proton and antiproton to zero). The result has the form
where we used the abbreviations
with the kinematical limits 0
. The variable v can be expressed in terms of the emission angleθ of the top quark in the parton c.m. system as
For the gluon fusion process we have to consider the four diagrams in Fig. 2b -e, and we find
In the limitd ′ t =μ ′ t = 0, we recover the well known SM results [30] . We also checked against Ref. [14] for the cased ′ t = 0, where we disagree partly 1 . At Tevatron energies, tops are produced predominantly via the annihilation of quarks; the gluon fusion process becomes important for increasing energy as well as for higher values of the anomalous dipole moments.
According to the parton model, the cross section for the reaction pp → ttX is obtained from a convolution of the subprocesses Eq. (9) with parton distribution functions,
where the sum runs over all light quark flavors and the gluons, a = u,ū,d,d,c,c,s,s, b,b,G. We evaluate the distribution functions N(x, s) at the hadron c.m. energy √ s, whereas the energy √ŝ of the parton subprocess sets the scale for α s . In particular, the total cross section can be written as
The total parton level cross sections,σandσ GG , can be calculated analytically and we include the result for completeness in Appendix A.
1 Apparently there are some misprints in the formulae of [14] . In Eq. (2) (quark annihilation) there is a factor of β 2 missing in the last term, as well as an overall factor of 4. In Eq. (6) (gluon fusion) we agree with the terms T 1 -T 4 , but not with the SM contribution T 0 (in the second factor there is a term 32x 2 missing). Note also that κ defined in [14] is related to ourμ
Finally
and the kinematical limits m t ≤ E T ≤ √ s/(2coshy). In dσ aā /dt one has to perform the substitutionsŝ → x 1 (τ )x 2 (τ )s and
. This completes our presentation of the formulae we need.
Results
The numerical evaluation was carried out for the Tevatron, i.e. we consider pp collisions at a c.m. energy of √ s = 1.8 TeV. For the top mass we took 175 GeV. We used various parton distribution functions (PDF) from the CERN library PDFLIB, but found only weak dependence on the actual set; the presented results were computed with the set HO of Glück, Reya and Vogt [31] .
In Fig. 3 we show a contour plot of the anomalous contribution ∆σ defined in Eq. (6) in thed 
and increases roughly quadratically withd . (4) ). Along the solid (dotted) line ∆σ takes the value 1.8 pb (0.0 pb). As explained before, the anomalous contribution has to be added to the best theoretical SM value given in Eq. (3). In this way the theoretical value for the total cross section σ could be lowered down to 2.7 pb. More interestingly, we see that the limits on ∆σ exp in Eq. (4) Due to the folding with PDF's, differential cross sections get smoothened, but still reflect the characteristic features of the parton level distributions. In Figs. 4-6 we show the normalized differential cross section with respect to the angle ϑ, the emission angle of the t jet in the laboratory (pp c.m.) frame. We choose ϑ = 0 to correspond to t-emission in the direction of flight of the incoming proton. In all three plots, the solid lines are the SM result (in LO). In Fig. 4 we compare this to the distributions obtained with chromoelectric momentsd . These values are chosen such that the anomalous contribution ∆σ to the total rate would be undetectable (cf. Fig. 3) . From Figs. 4-6 we infer that the anomalous couplings would have to be rather large in order to be visible with a limited statistics of tt pairs.
In Figs. 7-9 we plot the normalized double differential cross section with respect to rapidity y and transverse momentum p T of the t jet, as a function of p T for different values of y. Fig. 7 shows the influence of chromoelectric momentsd Fig. 9 we show the combined influence of chromoelectric and chromomagnetic moments, again for (d Typically the presence of anomalous dipole moments enhances the production of tt pairs with high transverse momentum.
As general feature we observe that normalized differential cross sections are of course more sensitive to anomalous dipole moments than the total rate. For small dipole moments, however, measurable differences occur mainly in phase space regions where the contribution to the total cross section is small, i.e. for large | cos ϑ| or large p T . Only if the anomalous couplings take quite sizable values, one can expect clear signals. A shift of the maximum of the curves in Fig. 9 of ≈ 50 GeV in p T when going from the SM to (d (Fig. 3) .
Finally we discuss the CP-odd observableÔ L studied in [12] which is directly sensitive tod ′ t . The observable is constructed for the production and decay sequence
where ℓ = e, µ, τ . Let p (q + , q − ) be the momentum of the proton (ℓ
This is an observable of the tensor type T ij introduced in [32] and used in search for CP violation in the decay Z → τ + τ − [33] . In [12] the expectation value ofÔ L was calculated for m t = 130 GeV keeping only terms of zeroth and first order ind 
The number of events (Eq. [12] )
If we take these numbers as an indication of the sensitivity ofÔ L tod ′ t also for the top mass m t = 175 GeV we can conclude that a few thousand events of the type Eq. (20) 
Conclusions
In this paper we have investigated the combined effects of a chromoelectric and chromomagnetic dipole moment of the top quark on the reaction pp → ttX. We have calculated the matrix elements for the parton subprocesses→ tt and GG → tt in leading order QCD. The numerical evaluation of total and differential cross sections was done for Tevatron energies.
Our main findings can be summarized as follows:
(1) In the total cross section, a combination of chromoelectric and chromomagnetic dipole moments can yield a positive, negative or zero contribution. The total rate allows substantial values for the dipole moments:d (2) Differential distributions can discriminate between chromoelectric and chromomagnetic dipole moments. However, since the main effect of the anomalous couplings is to change the absolute rate, normalized differential cross sections are sensitive only to quite sizable values of the couplings.
The most promising way to disentangle the dipole moments is to exploit their different transformation behaviour under CP. Since a chromoelectric (chromomagnetic) dipole moment is odd (even) under CP, one can construct CP-odd observables which are then sensitive to the chromoelectric momentd ′ t only. A further advantage is that a CP-odd observable has already a linear dependence ond ′ t , whereas in cross sectionsd ′ t can occur only with even powers. The CP-odd observableÔ L , Eq. (21), should be suitable for such an investigation.
These rules can be applied directly to the differential cross sections dσ aā /dt of Eqs. (11), (14), leading to the result 
